Abstract Between 20% and 25% of patients diagnosed with Alzheimer's disease (AD) do not have amyloid burden as assessed by positron emission tomography imaging. Thus, there is a need for nonamyloid-directed therapies for AD, especially for those patients with non-amyloid AD. The family of phosphodiesterase-4 (PDE4) enzymes are underexploited therapeutic targets for central nervous system indications. While the PDE4A, B, and D subtypes are expressed in brain, the strict amino acid sequence conservation of the active site across the four subtypes of PDE4 has made it difficult to discover subtype inhibitors. The recent elucidation of the structure of the PDE4 N-and C-terminal regulatory domains now makes it possible to design subtype-selective, negative allosteric modulators (PDE4-NAMs). These act through closing the N-terminal UCR2 or C-terminal CR3 regulatory domains, and thereby inhibit the enzyme by blocking access of cyclic adenosine monophosphate (cAMP) to the active site. PDE4B-NAMs have the potential to reduce neuroinflammation by dampening microglia cytokine production triggered by brain amyloid, while PDE4D-NAMs have potent cognitive benefit by augmenting signaling through the cAMP/protein kinase A/ cAMP response element-binding protein (CREB) pathway for memory consolidation. The importance of PDE4D for human cognition is underscored by the recent discovery of PDE4D mutations in acrodysostosis (ACRDY2: MIM 600129), an ultra rare disorder associated with intellectual disability. Thus, the family of PDE4 enzymes provides rich opportunities for the development of mechanistically novel drugs to treat neuroinflammation or the cognitive deficits in AD.
Introduction
With the aging of the world's population, healthcare systems face an increasing burden of caring for patients with Alzheimer's disease (AD) and other forms of dementia [1] . The economic cost of the disease is large. Typically, 2 caregivers are needed by each patient, one of whom tends to be a spouse or other family member. In the USA today, nearly 15% of Americans aged 71 years or older have dementia. This is about 3.8 million people. By 2040, that number is estimated to increase to 9.1 million [1] . The coming surge in the cost of care and number of patients affected by dementia is staggering.
42-amino acid-long amyloid-β peptide known as Aβ40 or Aβ42 [2] . The Aβ peptides spontaneously form fibrillar aggregates in vitro, and appear to seed Aβ peptide aggregation when injected into the brain parenchyma [9] . Aβ42 is the more amyloidogenic of the 2 peptides. Aβ40 and Aβ42 are cleaved from a larger protein precursor known as the amyloid protein precursor (APP) [10] . APP is a Type 1 transmembrane protein. It can be processed at 1 of 3 proteolytic cleavage sites. Processing proximal to the membrane at the α-site releases the APP extracellular domain and prevents Aβ peptide formation. Processing at the β-and ϒ-sites releases the Aβ peptides. With the discovery and cloning of the APP gene, it was quickly realized that human APP mutations that increase Aβ peptide production are associated with a genetic risk of earlyonset AD [3, 5, 11] . APP mutations conferring genetic risk either increase total Aβ peptide production by increasing processing at the β-site or shift processing at the ϒ-site to the more amyloidogenic Aβ42 peptide. Further genetic studies identified mutations in 2 additional genes, presenilin-1 (PS1) and presenilin-2 (PS2) as also conferring risk for early-onset AD [7] . The PS1 and PS2 mutations shift the ratio of Aβ40 to Aβ42 towards the more amyloidogenic Aβ42 peptide. Soon afterwards, a novel aspartyl protease with a signature transmembrane anchor was shown to process APP at the β-site [12] [13] [14] . The initial β-site mutations in APP increased risk for early-onset AD by increasing Aβ production [5] . Later, β-site APP mutations that decreased genetic risk for AD were found to decrease Aβ production [8] . This completed the identification of the 3 therapeutic classes for intervention in the amyloid pathway: monoclonal antibodies which-when administered systemically-deplete Aβ peptide from brain (bapineuzumab and solanuzemab), small molecule ϒ-secretase inhibitors, and small molecule β-secretase inhibitors (Fig. 1) . In concert, there has been co-development of positron emission tomography (PET) imaging agents for assessing amyloid plaque burden in the brain [15] . Unfortunately, none of these therapeutics have yet shown disease modification in large, well-controlled human clinical trials. However, much has been learned.
Bapineuzumab and solanuzumab were explored in multiple human phase III clinical trials in which patients were recruited on the basis of a diagnosis of AD with cognitive impairment as assessed by ≥1 clinical tests (e.g., Alzheimer's Disease Assessment Scale-Cognitive) [16, 17] . As amyloid imaging agents became available and were used for postenrollment patient stratification, it was learned that 23 % of the patients enrolled in the bapineuzumab clinical trial and up to 25 % of the patients enrolled in the solenzanmab trial did not have amyloid plaque burden, despite the diagnosis of AD.
As not all patients enrolled in the trials were studied by PET imaging, post hoc stratification by amyloid plaque burden was not possible. Neither bapineuzumab nor solenzanmab met the primary endpoint of the clinical trials-slowing disease progression. However, post hoc analysis of the bapineuzumab data suggested a positive benefit in patients treated early after diagnosis of AD [16] . Interestingly, the 23-25 % of patients with a diagnosis of AD in the absence of amyloid plaque did not show progressive deepening of cognitive impairment over the course of the 18-month study. Thus, the large bapineuzumab and solanuzumab clinical trials demonstrated that AD is a heterogeneous diagnosis and a substantial fraction of patients have nonamyloid AD with chronic but slowly progressing cognitive impairment. The two trials also showed the importance of using PET-confirmed amyloid plaque burden as a basis for enrollment of patients into clinical trials of anti-amyloid therapeutics.
Subtype-Selective PDE4 Inhibitors Provide Opportunities for Nonamyloid Therapies for AD
There is a need for the discovery of nonamyloid based therapeutics for AD. The two classes of approved drugs-acetylcholine esterase inhibitors, which address the loss of acetylcholine due to cholinergic neuron death, and memantine, a low-affinity, voltage-dependent inhibitor of the glutamatergic, N-methyl D-aspartate receptor-provide modest cognitive benefit. Given that up to 20 % of patients diagnosed with AD have nonamyloid, slowly progressing cognitive impairment, there is a need for additional drugs that address memory loss, especially in this patient subgroup (Fig. 1) .
The family of phosphodiesterase-4 (PDE4) enzymes that regulate cyclic adenosine monophosphate (cAMP) signaling in neurons and glial cells represent underexploited therapeutic targets owing to the difficulty of designing compounds that are selective for one PDE4 subtype. PDE4 has 4 subtypes: PDE4A, B, C, and D. PDE4D is implicated in modulating the cAMP-protein kinase A (PKA)-cAMP response elementbinding protein (CREB) pathway for memory consolidation [18, 19] , while PDE4B modulates the response of monocytic cells to inflammatory stimuli [20] . Recent progress in understanding the structural basis of PDE4 regulation has made it possible to design selective PDE4D and PDE4B negative allosteric modulators (NAMs) [21, 22] . These act through modulating the closure of N-and C-terminal PDE4 regulatory domains across the active site, thereby inhibiting the enzyme (Figs 2 and 3) .
Four genes encode subtypes of mammalian PDE4, all of which contain multiple upstream exons that undergo complex splicing to generate multiple PDE4 isoforms that differ in Nterminal amino acid sequence [23] [24] [25] [26] . The complex pattern of splice isoforms allows subtypes of PDE4 to be targeted to different cellular microdomains and for isoform-and subtypeselective regulation of PDE4 activity by accessory proteins [27] . PDE4A, B, and D are expressed in brain [28] [29] [30] [31] [32] .
Rolipram is a widely used PDE4 inhibitor that has been evaluated in multiple models of learning and memory [33] . However, the compound has <10-fold selectivity for different PDE4 isoforms [21] . Rolipram reverses memory deficits in mouse models of AD and provides cognitive benefit in rodent models of stroke [34] , traumatic brain injury [35] , and Huntington's disease [36] [37] [38] [39] [40] . Gong et al. have shown in 3-month old APP/PS1 transgenic mice that rolipram reverses deficits in hippocampal long-term potentiation, contextual fear conditioning, and the Morris water maze [37] . In the same study, treatment with rolipram for 3 weeks showed persistent benefit 3 months later in 6-month-old APP/PS1 transgenic mice [41] . Thus, rolipram appeared to delay or reverse disease progression in the APP/PS1 transgenic model, while no effect was found on the Aβ load. In a subsequent study, Smith et al. showed that there is loss of dendritic spines and dystrophic neurites in APP/PS1 transgenic mice and in human AD [42] . In the model, rolipram reverses acute alterations in dendritic spines caused by Aβ peptide, as well as the chronic loss of spines in APP/PS1 transgenic mice. Thus, treatment with a PDE4 inhibitor may work independently of therapies aimed at lowering Aβ peptide levels in brain. It has also been shown that rolipram reverses memory deficits induced by injection of Aβ 1-40 or 25-35 into rat hippocampus CAI [39, 40] .
PDE4B in Neuroinflammation Secondary to Amyloid Plaque Formation
The benefit of rolipram in AD models may be owing, in part, to inhibition of PDE4B with consequent reduction of neuroinflammation. Recent studies in patients with AD have used PET imaging with 11 C-PBR28 to measure neuroinflammation [43] . An increase in Binding of the inhibitor completes a hydrophobic interaction surface for the closure of UCR2 by displacing water from the active site. The UCR2 shown on the left is taken from a PDE4B structure (PDB ID: 3G45) as more of the regulatory domain is visible in the crystal [21] . The catalytic domain and UCR2 on the right are taken from a PDE4D structure (PDB ID: 3IAD) [44] [45] [46] [47] . Mice deficient in PDE4B display reduced tumor necrosis factor-α production in response to an inflammatory stimulus, while PDE4B NAMs similarly blunt monocytic cell production of tumor necrosis factor-α in vitro and in vivo [48, 49] . Thus, PDE4B represents a novel therapeutic target that may reduce neuroinflammation in AD. Exploitation of PDE4B as a target has been difficult as there are no amino acid sequence differences in the active site that distinguish PDE4B from the other PDE4 subtypes [50] . More recently, highly selective PDE4B inhibitors have been reported [48, 49] . These act through engaging the C-terminal CR3 regulatory domain through a water network and thereby closing the active site to access by cAMP [22] (Fig. 3) .
Genetic Validation of the Role of PDE4D in Human Cognition
The first learning mutation described in fruit flies, dunce, is a deletion of the single Drosophila PDE4 gene [51] [52] [53] . Studies of mice deficient in PDE4D generally indicate that the enzyme plays a role in modulating memory formation [54] . Li et al. found that mice deficient in PDE4D display memory enhancement in the radial arm maze, water maze, and object recognition tests [55] . These effects are mimicked in wild-type mice by treatment with rolipram or PDE4D inhibitors [21, 56] .
Furthermore, bilateral microinfusion into the hippocampal dentate gyrus of lentiviral vectors that produce silencing RNAs targeting long PDE4D isoforms, downregulates PDE4D4 and PDE4D5, enhances memory, and increases hippocampal neurogenesis and CREB phosphorylation [55] . Thus, PDE4D regulates the PKA/CREB pathway in hippocampal neurons, which is important for memory formation. This is a key finding that supports the development of PDE4D-NAMs for improving cognition.
Sequence comparison of the 4 PDE4 genes revealed that the PDE4 subfamily differs from other phosphodiesterases owing to the presence of 2 upstream conserved regions (UCR1 and UCR2) [23, 57] . These were shown by the Conti and Houslay laboratories to be key regulatory domains that control the activation of the enzyme by PKA [58, 59] . Long PDE4 isoforms contain both UCR1 and UCR2, while short and super short isoforms contain only UCR2 (Fig. 2) . UCR1 is the target of PKA phosphorylation, which regulates whether the enzyme is in a fully activated form or a partially inhibited basal state. The short and super-short isoforms are fully active owing to the absence of UCR1, and instead their activity level in the cell is regulated transcriptionally [31] . UCR1 and UCR2 form an oligomerization domain needed for dimerization and regulate the opening and closing of UCR2 across the active site [60, 61] . UCR2 closes in trans-across the active site, such that one active site is fully closed and the other is partially active [21] .
The genetic relevance of the UCR1/UCR2 regulatory mechanism is supported by the recent discovery of human PDE4D mutations in acrodysostosis (ACRDY2; MIM Fig. 3 Binding mode of phosphodiesterase-4 (PDE4)B negative allosteric modulators (NAMs) directed against CR3. The CR3 regulatory domain (yellow) is linked to the catalytic domain (cyan) through a short linker (gray), which allows PDE4B allosteric inhibitors to close CR3 in cis across the active site of the same monomer. PDE4B NAMs form a hydrogen bond to the invariant active site glutamine (Q615 in PDE4B3).
The inhibitor captures CR3 by hydrogen bonding through a water network to lysine672. Capture of CR3 allows the amine of lysine677 (K677) to hydrogen bond to proline602 (P602) of the catalytic domain. CR3 has flexibility when closing across the PDE4B active site such that the compound selects the registration of the CR3 helix [22] 600129) [62] [63] [64] [65] . ACRDY2 is a developmental disorder that causes intellectual disability, short stature, facial dysmorphia, and brachydactyly. Most ACRDY2 mutations are spontaneous, but one instance of inheritance from a parent to 2 offspring has been reported [64] . Intelligence is impaired in 90 % of affected children with intelligence quotients ranging from 50 to 80 [66] . Without exception, the ACRDY2 mutations are missense mutations. Amino acid substitutions avoid the active site, and instead cluster in UCR1 or affect contact residues between UCR1 and UCR2, or UCR2 and the PDE4D catalytic domain [64] (Fig. 4) . That UCR1 is one of the hotspots of mutation in ACRDY2 indicates the biological importance of the long forms of PDE4D over the short and super-short forms that lack UCR1.
PDE4 plays a critical role in the spatial and temporal patterning of signaling within cAMP microdomains [68] [69] [70] [71] . The Drosophila dunce mutation, a PDE4-null mutation, disrupts learning and memory by causing dysregulation of spatially restricted cAMP signaling in mushroom body neurons [72] . In acrodysostosis, ACRDY2 mutations are thought to cause activation of the enzyme [64] , thereby reducing cAMP signaling in pathways important for memory formation. The importance of PDE4 for regulating spatial and temporal patterns of cAMP signaling in neurons has been shown in mouse cortical neurons by using cAMP biosensors to image cAMP flux in living cells [73] .
Molecular Pharmacology of PDE4D NAMs in Models of Learning and Memory
It is possible to design small molecule negative allosteric modulators of PDE4D that act through closing UCR2 over the active site [21] . Indeed, rolipram inhibits PDE4 through that mechanism. What has been known as the high-affinity rolipram binding site is actually the PDE4 conformation with UCR2 closed [21] . showed that a C-terminal helix of upstream conserved region (UCR)1 and an N-terminal helix of UCR2 (neither of which are visible in our cocrystal structures) are needed for dimerization of PDE4D (cartoon, top) [60, 61] . Three views of the proposed PDE4D dimer are shown. The "TOP" and "FACE" views show how UCR2 closes in trans, where the cyan protein's UCR2 closes over the green protein's catalytic domain and vice versa. The two active sites face outwards in opposite directions from the dimer. The dimer interface occurs across the crystallographic unit cell, and is supported by the finding of Lee et al. that mutation of aspartate466 to arginine (D466R) and arginine502 to aspartic acid (R502D) disrupt dimerization of the PDE4D catalytic domain (purple) [67] . The ACRDY2 mutations are shown in red. These occur primarily on contact surfaces between UCR2 and the catalytic domain (V268A and I272V on UCR2, which are hidden in the surface view, and G612D, Y616H and I617T on the opposite catalytic domain surface). In addition, there are 4 "hot spots" for ACRDY2 mutations on the top of the PDE4D dimer (red circles, "TOP VIEW"). These occur on a surface parch of the catalytic domain (T526P, M527V/I, and E529A) and at the N-terminus of the second UCR2 helix (M242V and A243V). No ACRDY2 mutations have been discovered in the active site, on the dimerization surface between the catalytic domains (purple), or on the underside of the PDE4D dimer ("BOTTOM VIEW"). The Richter and Conti [60] , and Lee et al. [67] dimer proposals are consistent with a crystal structure of the PDE4B dimer that has been obtained by Cedervall and Pandit (personal communication)
the closure of UCR2. Rolipram has little selectivity for different PDE4 subtypes. However, a key amino acid polymorphism in primates allows the design of PDE4D subtypeselective NAMs. PDE4D in primates is distinguished from PDE4A, B, and C by a phenylalanine in UCR2 which orients towards the cAMP pyrimidine when UCR2 is closed, while PDE4A, B, and C contain a tyrosine. Rolipram binding accommodates closure of UCR2 containing either the phenylalanine or tyrosine, while PDE4D subtype inhibitors achieve selectivity through steric clash with UCR2 containing a tyrosine that projects a hydroxyl group deeper into the active site. The tyrosine/phenylalanine difference in UCR2 accounts for the difference in affinity towards substrate for PDE4D compared with PDE4B [21] . Subtype selectivity is not achievable with PDE4 inhibitors that bind in the active site competitively with cAMP independently of UCR2 as there are no amino acid sequence differences in the active site among the PDE4 subtypes [74] . PDE4D NAMs have been shown to have cognitive benefit in models of cholinergic deficit (scopolamine-impaired Ymaze) and in normal rats and mice (novel object recognition) [21] . More recently, PDE4D NAMs have been shown to improve cognitive performance in healthy adult monkeys (object reaching task) [75] . A known issue with rolipram is the lack of tolerability in multiple species due to nausea and vomiting, a common problem with all classes of PDE4 inhibitors. PDE4D NAMs, in contrast, show improved tolerability in multiple species as they only partially inhibit the enzyme [21, 75] .
Conclusions
There is a need for the development of nonamyloid based therapies for AD. The availability of PET agents for imaging amyloid plaque has revealed that 20-25 % of patients diagnosed with AD do not have amyloid plaque and that in these patients there is slow progression of cognitive impairment. PDE4B NAMs have the potential to address neuroinflammation secondary to the formation of amyloid plaque in AD, while PDE4D NAMs may improve cognitive impairment. Molecular genetic studies of learning and memory in model organisms have shown the importance of the cAMP/PKA/ CREB pathway for long-term memory. The importance of this pathway in humans receives genetic validation through the identification of PDE4D mutations in acrodysostosis (ACRDY2), an ultra rare genetic disorder that causes intellectual disability. PDE4D NAMs that modulate enzyme activity by closing the UCR2 regulatory domain over the active site, thereby inhibiting the enzyme, offer a novel mechanism for addressing cognitive impairment in AD and other neurologic and psychiatric conditions.
